Abstract --Benzo(a)pyrene (B(a)P), and chlorophenols were sorbed from their respective aqueous solutions onto inorgano-organo-clays (IOCs). Cetyl pyridinium hydroxy-A1 montmorillonite (CPC-hydroxy-Al montmoriUonite), an IOC, containing only 11-12% surface organic carbon by weight, bound pentachlorophenol strongly, with an observed monolayer capacity of 0.08 mmole/g. The comparable value for granulated activated carbon (GAC) was found to be 0.12 mmole/g. On the other hand, cetyl pyridinium cation-exchanged montmorillonite (CPC-montmorillonite), containing 19.2% surface organic carbon by weight, did not bind pentachlorophenol as efficiently as did IOCs. For benzo(a)pyrene, CPC-hydroxy-A1 montmoriUonite was found to be a better adsorbent than GAC and CPC-montmorillonite. The significant difference in the sorption potential of the two types of surfactant-laden clays for pentachlorophenol and benzo(a)pyrene was probably due to the surface orientation of the adsorbed organic carbon. For 3,5-dichlorophenol, however, both types of organo-clays exhibited weak binding, which was probably due to the greater aqueous solubility of the dichlorophenol.
INTRODUCTION
The removal of trace levels of priority pollutants from extremely large volumes of wastewater is a microseparation process requiring cost-effective adsorbents. Previous work in this laboratory has established that modified clay adsorbents are eminently suitable for such applications (Srinivasan et al., 1985; Fogler and Srinivasan, 1988) . Srinivasan and Fogler (1990) described the synthesis ofinorgano-organo-clays (IOCs) for use in wastewater treatment. They showed that, using an optimal preparation procedure, successive adsorption of inorganic polycations and cationic surfactants on clays, such as montmorillonite, can be facilitated. Ancillary experiments established that the surfactant adsorbed on IOCs was apparently irreversibly bound.
The primary objective of the present paper is to validate the preliminary findings reported by Srinivasan and Fogler (1990 , Table 1 ), which showed that IOCs bind priority pollutants from their respective aqueous solutions as strongly as granulated activated carbon (GAC). A secondary objective is to explore the "window of utility" framed by these IOCs in potential wastewater-treatment applications. For this reason, pollutants ranging in their aqueous solubilities by six orders of magnitude were chosen as target sorbates in this study.
Many earlier researchers have shown that sorption ofnonionic, toxic organic molecules from aqueous solutions can be correlated with the total organic carbon Copyright 9 1990, The Clay Minerals Society content of a given adsorbent (see, e.g., Karickoff et al., 1979; Weber et aL, 1983; Schwarzenbach and Westall, 1981) ; however, many exceptions may exist to this central dogma of environmental science (Rap and Davidson, 1980; Garbarini and Lion, 1986; Srinivasan and Fogler, 1987) . In other words, surface orientation of the adsorbed organic carbon can be as important as the actual amount in determining the effectiveness of a sorbent containing organic carbon. The preparation of IOCs as described by Srinivasan and Fogler (1990) , has allowed this notion to be tested and verified. Activated carbon was chosen for comparison because of its widespread industrial use in wastewater treatment by adsorption. Granulated activated carbon (GAC) is the form in which activated carbon is commonly used because of the good flow characteristics of GAC-packed beds (Weber and Bernardin, 1980) .
METHODS
Modified clay adsorbents were prepared as described by Srinivasan and Fogler (1990) . The traditional organo-clay was prepared by cation exchange. Na-montmoriUonite was treated with cetyl pyridinium chloride (CPC) equivalents amounting to 90% of its CEC, and the resultant cetyl pyridinium montmorillonite (CPC-montmorillonite) was washed, dried at 110*C, and ground to a powder before use. Solid-state organic carbon analysis of CPC-montmorillonite was used to determine the weight percentage of organic carbon. Details of the organic carbon analysis were given by Srinivasan and Fogler (1990) .
For inorgano-organo-clays, an in situ method was used. Hydroxy-Al montmorillonite or lanthanum montmorillonite 287 ~ Sorbent concentration = 0.25 g/dm3; initial benzo(a)pyrene concentration = 0.2 ppb.
2 CPC = cetyl pyridinium chloride. Distribution coefficient is the ratio of the surface (~g/kg) to the solution phase 0*g/dm0 concentration of the pollutant at equilibrium. 
4,500
(La-montmorillonite) was equilibrated with CPC for 2 hr at an initial surfactant concentration that should have resulted in saturation adsorption of the surfactant with a small amount of residual surfactant concentration. An aliquot of this slurry was diluted 20-fold into aqueous solutions of chlorophenols or benzo(a)pyrene for adsorption measurements. This procedure ensured that the residual surfactant concentration in solution following dilution was quite small or negligible. An identical slurry of IOCs (i.e., a control slurry) was equilibrated for 2 hr. Following centrifugation, the supernatant was assayed for the residual surfactant concentration. The slurry was re-mixed, and aliquots were diluted 20-fold into aqueous solutions without the pollutant. The control slurries were equilibrated for the same time period as the sample slurries and then centrifuged. From the residual surfactant concentration in these diluted control slurries, the mass and the organic carbon content of the IOCs used in the pollutantadsorption measurements were determined. The weight percentage of the adsorbed surfactant ranged from 14 to 17%.
To compare the effect of the amount of surface organic carbon on the adsorption of toxic organics, Na-montmorillonite and hydroxy-A1 montmorillonite were separately treated with varying amounts of CPC to yield respectively CPC-montmoriUonite and CPC-hydroxy-Al montmorillonite. Aliquots of the resultant slurries were diluted 20-fold into solutions of '4C pentachlorophenol at a fixed, initial concentration of 4 ppm. Control experiments, as described above, were carried out to determine the amounts of surface organic carbon.
J4C-labeled pentachlorophenol (PCP) > 98% purity and specific radioactivity of 87,300 dpm/~g was obtained from Sigma Chemicals. If necessary, this material was suitably diluted with unlabeled PCP to obtain a range of initial PCP concentrations of0.4-12 ppm. Concentrations of 3,5-dichlorophenol (DCP) were measured spectrophotometrically at 277 nm using a calibration curve that was verified by solution-phase organic carbon analysis. To measure the adsorption isotherms, initial DCP concentrations in the range 0.1-2.7 mM were used. 'aC-labeled (106 dpm/ng) and 3H-labeled (96.0 dpm/pg) benzo(a)pyrene, (B(a)P), were obtained, respectively, from Sigma Chemicals and Chemsyn Science Labs and were used as such. Unless otherwise noted, the initial concentrations of B(a)P ranged from 0.1 to 1.2 ppb. Exposure of B(a)P to room light was minimized to avoid photodecomposition of the pollutant. The use of 3H-labeled B(a)P with high specific activity was required by the extremely low aqueous solubility of B(a)P. The structure and the aqueous solubilities of the three adsorbates used in this study are shown in Figure 1 ( Mortland et al., 1986; Verschueren, 1983) . All adsorption measurements were carried out in a temperature-controlled shaker bath at 25~ Deionized water available from a Milli-Q water system (Millipore Corporation) filtered through a 0.22-#m filtration unit was used throughout these studies. A sorbent concentration of 0.25 mg/ ml was used for all experiments. Following a 24-hr equilibration, the two phases were separated by centrifugation, and aliquots of the supernatant were assayed to determine the residual pollutant concentration. Low-speed centrifugation (3000 rpm) was carried out in a bench-top temperature-regulated centrifuge.
The remainder of the supernatant was carefully removed, and the sorbent phase was assayed separately by filtration. This procedure was used for PCP and B(a)P. The sorbent slurry was quantitatively transferred to a 25-mm filter pad and rinsed with 2 ml of water. The filter pad was submerged in 15 ml of liquid scintillation fluid and the radioactivity counted. Standard quench-correction techniques were used to obtain the adsorbed amount from the known specific radioactivities of the pollutants. For DCP, however, the amount adsorbed was obtained by difference.
For granulated activated carbon (GAC), an exact amount of the sorbent was weighed separately into each adsorption vessel. The GAC concentration was also 0.25 mg/ml. Following a 24-hr equilibration, GAC was allowed to settle by gravity. The remainder of the procedure was the same as that used for the IOCs.
Control experiments were carried out to account for adsorption of pollutants on containers, lids, etc., and the overall mass balance was found to be >93%. In many experiments, it was closer to 100%. Nonspecific adsorption, i.e., adsorption to containers etc., was <5% for all experiments. Experiments in which the mass balance was <90% were discarded and performed over again. Each data point reported in this study is the mean of four measurements and has a relative error of about 10%.
RESULTS

Adsorption of pentachlorophenol (PCP)
The binding of PCP to CPC-hydroxy-A1 montmorillonite (Figure 2 ) appeared to be of the high-affinity type with a plateau region of adsorption corresponding to 0.08 mmole PCP/g or 21.0 mg/g adsorbent. Ad-, < lO Bottom frame shows entire adsorption isotherm. Low-concentration portion of isotherm is displayed in top panel.
sorption continued, however, above this level at higher concentrations, and at the highest initial concentration of PCP used, 34 mg PCP was adsorbed per gram of adsorbent. Assuming an area of 25 A2 for a substituted phenol molecule adsorbed "end on" (Giles and Naldawa, 1962) , the plateau value of adsorption (0.08 mmole/ g) corresponds to 12.0 m 2 of covered surface area per gram of adsorbent. For a fiat orientation of the adsorbed PCP molecules, the required surface area would be at least twice this amount. Because the surface of the IOC was fully covered with the surfactant, which acted as the active element in the adsorption of PCP, PCP was probably intercalated between the tails of adjacent surfactants on the surface. In this respect, the adsorption of PCP on IOCs may be similar to type I solubilization of organic solubilizates in a micelle in solution (Nagarajan and Ruckenstein, 1984) . From Figure 2 , GAC appears to be a much superior adsorbent for PCP than the IOCs. The observed superiority, however, is no larger than a factor of two or three. Thus, cost factors would probably favor modified clays. These observations with regard to the effectiveness of GAC are in line with similar results obtained with pentachlorophenol (Boyd et al., 1988) and substituted phenols (Zolandz, 1983) . The adsorption of PCP on the second type of IOC developed in this study, CPC-La-montmorillonite, has been analyzed using a double reciprocal plot based on a Langmuirtype adsorption equation:
where q is the surface-bound PCP (mg/g), q0 is the monolayer capacity for PCP adsorption (mg/g), C is the solution-phase PCP concentration (mg/liter) at equilibrium, and K is the binding constant (ml/g). In Figure 3 , the double reciprocal plots for CPC-hydroxy-A1 montmorillonite, CPC-La montmorillonite, and granulated activated carbon are compared. The straight lines drawn through the data points represent the best least square fits of the data for a value of 0.99 for the three sorbents. First, it should be noted that the plots for the two IOCs are statistically indistinguishable, whereas the straight line for GAC has a smaller slope and a larger sorption capacity. Second, the data points obtained at larger values of residual PCP concentrations do not conform to the Langmuir-type adsorption
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isotherm. This is especially true for the two IOCs. Thus, the monolayer capacity (21.1 mg/g) of IOCs for PCP is lower than the actual PCP surface concentration observed at higher equilibrium PCP concentrations (34 mg/g; Figure 2 ). This deviation from Langmuir-type adsorption is indicative of surface sites having a multiplicity of adsorption free energies. On the other hand, GAC appears to be more homogeneous, probably because, for activated carbon, the limiting value of adsorption was not attained even at the highest initial PCP concentration used. The intrinsic binding constants of the IOCs and the activated carbon for PCP are 4.15 • 107 and 3.8 x 107 ml/g, respectively. The nearly identical binding constants obtained for the two IOCs and the activated carbon attest to the predominantly hydrophobic sorption mechanism. On the other hand, the higher adsorption capacity of the activated carbon (0.12 vs. 0.08 mmole PCP/g for the IOCs) is reflected in the larger surface area of the carbon. Probably, the IOCs can be considered as cost-effective substitutes for activated carbon, which is currently utilized in many adsorption processes involving toxic chemicals in wastewater streams. In contrast, other unpublished measurements in this laboratory of the adsorption of PCP on hydroxy-A1 montmorillonite revealed that such an adsorption was extremely weak, a result that agrees with the findings of Zielke and Pinnavaia (1988) .
Comparison of CPC-montmorillonite and CPC-hydroxy-Al montmorillonite
The adsorption of PCP on CPC-montmorillonite and CPC-hydroxy-A1 montmorillonite are presented in Figure 4 . At the initial concentration of 4 ppm pentachlorophenol used for this comparison, PCP adsorption was near saturation for CPC-hydroxy-A1 montmorillonite (Figure 2 ). The data of Boyd et al. (1988) indicate that pentachlorophenol adsorption on their preparation of CPC-montmorillonite was similarly near saturation, if they used an initial PCP concentration of about 4 ppm. Therefore, the amount of surface excess of PCP is quantified in terms of a distribution coefficient for ease of comparison between the two kinds of surfactant-clays prepared in the present study. Note that the PCP distribution coefficient (16,000 mug) observed in this study for CPC-montmorillonite agrees well with the value (15,00 ml/g) interpolated from the isotherm reported in Boyd et al. (1988) the value of the distribution coefficient changed abruptly should have depended on the surface area ofhydroxy-A1 montmorillonite, chiefly because the abrupt change in the distribution coefficient appeared to coincide with the saturation coverage of hydroxy-A1 montmorillonite surface by CPC. On the other hand, even larger amounts of surface organic carbon on CPC-montmorillonite did not yield a sharp transition in the PCP distribution coefficient on CPC-montmorillonite.
Adsorption of benzo(a)pyrene (B(a)P)
The hydrophobicity of B(a)P as reflected by its low aqueous solubility, coupled with the lipophilic surfaces of IOCs should have promoted a strong adsorption of B(a)P on IOCs. This is verified in Figure 5 , in which adsorption data are presented in the form of double reciprocal plots. The initial B(a)P concentrations ranged from 0.1 to 0.6 ppb for CPC-La-montmorillonite; for CPC-hydroxy-A1 montmorillonite, the range was 0.1-1.2 ppb. At the largest initial concentration, ]4C-labeled B(a)P was used instead of the 3H labeled pollutant.
Both CPC-hydroxy-A1 montmorillonite and CPCLa-montmorillonite yielded straight lines, and the respective binding constants were 2.1 and 3.7 x 109 (ml/ g). The respective monolayer capacities were 16.1 and 12.3/~g/g. The larger monolayer capacity observed for CPC-hydroxy-Al montmorillonite may have resulted from the larger initial B(a)P concentrations used; however, the largest initial B(a)P concentration (1.2 ppb) was still within the reported aqueous solubility of the pollutant. Despite the fact the two slopes differed by 50%, (which is greater than the 10% relative error in our measurements), both IOCs clearly had large affinities for B(a)P. The B(a)P adsorption on different types of modified montmorillonite is compared in Table 1 . The affinity of the activated carbon for B(a)P appears to have been less than that observed for the IOCs, in marked contrast with the results obtained using PCP (Figure 2) . Moreover, the inorgano-clay, hydroxy-A1 montmorillonite, had a significant binding affinity for B(a)P, which is not altogether surprising because Nolan et al. (1989) showed from adsorption data for polychlorinated dioxins an even stronger affinity between dioxins and hydroxy-Al montmorillonite. Such a high affinity can be explained on the basis of a possible complexation between electronegative C1 atoms ofdioxins and the Lewis acid sites on hydroxy-A1 montmorillonite. Such a complexation is feasible only if the free energy ofcomplexation is sufficient to overcome the positive free energy change associated with the dehydration of hydroxy-A1 montmorillonite surface in aqueous media. Miller et al. (1977) invoked a similar mechanism to explain the strong affinity of 2, 3, 7, 3, 7, to protein receptors. They postulated that the electropositive carbon skeleton of the 2,3,7,8-TCDD molecule could become bound to electron donating sites of protein receptors and that the electronegative Cl atoms helped stabilize such complexes. Further, both dioxins and B(a)P are rigid, planar molecules: thus, the sorption of chlorinated dioxins 
Adsorption of 3.5 dichlorophenol (DCP)
Inasmuch as DCP has the highest aqueous solubility (27.6 mM, 4500 ppm) of the three toxic organics studied, the solvophobic (or hydrophobic) component of the adsorption free energy should have been low. This was reflected in the weak affinity of DCP for CPChydroxy-A1 montmorillonite and CPC-La-montmorillonite ( Figure 6 ). Also shown in Figure 6 is the isotherm obtained for CPC-montmoriUonite. Within experimental error, all three isotherms form a single curve that rises sharply at low DCP concentration and levels off gradually. A limiting adsorption density of 0.6 mmole/g was apparently attained. The significant differences noted in the sorption potential of CPCmontmorillonite and CPC-hydroxy-Al montmorillonite for pentachlorophenol were absent in DCP sorption, indicating that the major impetus for the adsorption of the more highly water-soluble organics, such as DCP, derived from the solvophobic component of the adsorption free energy and not from the amount of surface organic-carbon or its orientation. Hence, the adsorption was weak.
The DCP adsorption isotherms show the classical characteristics of the Langmuir type I. This observation is at variance with the recent results of DCP binding onto CPC-montmorillonite and cctyltrimethylammonium-montmorillonite (Mortland et aL, 1986) . They reported a type V isotherm characterized by an initial convexity and a slight plateau. The limiting value of DCP adsorption of 0.4 mmole/g observed in their study is lower than the value reported here. Inasmuch as the amounts of surface organic carbon on their organophilic smectites were not indicated, the differences ob-served between the two studies cannot be explained; however, both studies observed that DCP adsorption onto modified smectites is quite weak. Finally, double reciprocal plots of the present DCP adsorption data (not shown here) were non-linear, indicating heterogeneity of binding sites.
DISCUSSION
The energy of adsorption of a molecule is the difference between the free energy of reaction of the molecule with the surface and the free energy of solvation (Klimenko et al., 1974) . For highly hydrophobic molecules, such as B(a)P and PCP adsorption onto organophilic surfaces, such as CPC-hydroxy-Al montmorillonite or CPC-La-montmorillonite (Figures 2, 3 , and 5) is highly favored because both components of the adsorption free energy should be highly negative. For 3,5 dichlorophenol (Figure 6 ), the desolvation process may have resulted in a positive free energy change, thus lowering the net adsorption free energy. For all three compounds, the net free energy change favored adsorption. Thus, IOCs containing about 11% by weight surface organic carbon are potent adsorbents for a range of nonionic toxic organics found in wastewater streams. In this respect, their overall performance was comparable to that of activated carbon, the industry standard for wastewater treatment. The results reported by Srinivasan and Fogler (1990) strongly suggest that the IOCs developed in the present study are stable with respect to the desorption of the surface-bound surfactant. Furthermore, the adsorbed surfactant, which acted as the active component in the sorption of toxic organics had an external orientation. Thus, these IOCs can be thought of as viable, cost-effective alternatives to activated carbon in wastewater-treatment applications.
The question remains, why was the traditional, cation-exchanged smectite (e.g., CPC-montmorillonite), which contained more surface organic carbon (19.2% by weight vs. 11% by weight for the IOCs), not as effective as the IOCs (Figure 4 ). Srinivasan and Fogler (1990) showed that in an aqueous medium, the hydrocarbon tails of the adsorbed surfactant on CPCmontmorillonite promote flocculation between organo-montmorillonite particles. The flocculation proceeds until large flocs having internal hydrocarbon cores and external hydrophilic surfaces are formed. This process reduces the "effective" organic carbon seen by the toxic organics. The large contact angle between the unflocculated organo-montmorillonite surface and the water may also have prevented water from entering the pore space of these particles. Thus, some of these particles floated at the air-solution interface resulting in a further reduction of the amount of "active" adsorbent in contact with the toxic organics in solution.
On the other hand, for CPC-hydroxy-Al montmorillonite and CPC-La-montmorillonite, the charged, hydrophilic head group of the adsorbed surfactant pointing away from the surface may have provided an effective electrostatic shield against flocculation. Furthermore, the externally oriented, charged head groups may have lowered the contact angle between the surface and the solution. These two surface properties of the inorgano-organo-clays are probably responsible for the stronger affinity between the toxic organics and IOCs observed in this study. Thus, the orientation of the organic carbon moiety on the adsorbent surface appears to be as important as the amount of organic carbon itself.
The strong affinity of B(a)P for hydroxy-A1 montmorillonite (Table l) is in line with the results of Srinivasan and Fogler (1986) on the adsorption of octachlorodioxin (OCDD) on the same surface. A more detailed study by Nolan et al. (1989) of OCDD binding to hydroxy-A1 montmorillonite revealed that hydroxy-A1 was perhaps the active component in the binding of OCDD to such surfaces. They postulated that a specific interaction, possibly of the charge-transfer-type complex, between the dioxin molecule and the hydroxy-A1 moiety on the surface was responsible for dioxin adsorption. A similar mechanism may prevail for B(a)P binding to hydroxy-A1 montmorillonite. On the other hand, why La-montmorillonite was equally effective with B(a)P is not known. Finally, the ineffectiveness of activated carbon compared with CPC-hydroxy-A1 montmorillonite or CPC-La-montmorillonite cannot be explained without further experiments.
The monolayer capacity for the PCP adsorption on the two IOCs (21 mg/g) obtained from the data in Figure 3 is less than the actual adsorbed amount (34 mg/g; 0.12 mmole/g) at higher initial PCP concentrations (Figure 2 ). These higher initial PCP concentrations are within the aqueous solubility limit of PCP at this temperature. A second layer of adsorbed PCP may be forming on the monolayer. This second layer may have been more weakly bound than the underlying monolayer. Thus, many seemingly "adsorbed" pollutants may be, under certain conditions, "mobilized" and transported down stream by advection.
